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PIANE STRAIN FUCTURE TOUGKNESS AND MECHANICAL PROPERTIES OF 
5A1-2.5Sn ELI TITANIUM AT ROOM AND CRYOGENIC TEMPERATURES 
Carl M. Carman, John W. Forney, and Je s se  M. K a t l i n  
ABSTRACT 
The s u i t a b i l i t y  of 5A1-2.5Sn ELI t i t a n i u m  a l l o y  f o r  cryogenic  
tankage a p p l i c a t i o n s  has been s tud ied  by determining the  mechanical 
and f r a c t u r e  p r o p e r t i e s  of the  material a t  t e s t i n g  temperatures  rang- 
i n g  from room temperature t o  -423" F. 
were developed t o  measure the  t e n s i l e  p r o p e r t i e s  over the  range of 
t e s t i n g  temperatures .  Plane s t r a i n  f r a c t u r e  toughness measurements 
were a l s o  made a t  these  temperatures  us ing  the  "pop-in" technique 
wi th  a small notched bend specimen. 
Small round t e n s i l e  specimens 
Spec ia l  l abora tory  techniques were developed t o  t e s t  t h e  s p e c i -  
mens a t  -423" F ,  u t i l i z i n g  t h e  s p e c i f i c  hea t  of vapor i za t ion  of l i q u i d  
helium. 
The degree of p re fe r r ed  o r i e n t a t i o n  i n  t h i s  a l l o y  w a s  q u a l i t a t i v e l y  
s tud ied  by determining the  r a t i o  of the  width s t r a i n  t o  t h e  th i ckness  
s t r a i n .  The f r a c t u r e  toughness values  were i n t e r p r e t e d  i n  terms of t h e  
c rys ta l lography and mechanism of deformation of t i t a n i u m .  
The data. a r e  summarized i n  terms of a par t - through d e f e c t  which 
w i l l  be s t a b l e  a t  var ious  ope ra t ing  temperatures  and s t r e s s  l e v e l s .  
has been shown t h a t  t e x t u r e  hardening may be used t o  o b t a i n  h igh  b u r s t  
s t r e s s e s  under b i a x i a l  stress cond i t ions .  
It 
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PL4NE STRAIS FRACTURE TOUGHNESS AND MECHANICAL PROPERTIES 
OF 
5A1-2,5Sn ELI TITANIUM AT ROOM AND CRYOGENIC TEMPERATURES 
Carl  M ,  Carman, John W.. Forney, and J e s s e  M. K a t l i n  
Frhnkford Arsenal  
SUMMARY 
Inasmuch as f u t u r e  upper s tage  rocke t s  w i l l  use l i q u i d  hydrogen 
as a f u e l ,  t he  p rope l l an t  tanks w i l l  be r equ i r ed  t o  opera te  a t  -423" F. 
It is  t h e r e f o r e  d e s i r a b l e  t o  employ materials f o r  these  s t r u c t u r e s  which 
w i l l  possess  very h igh  s t r eng th - to -dens i ty  r a t i o s  and material  proper- 
t i e s  which w i l l  be s a t i s f a c t o r y  a t  the  minimum ope ra t ing  temperatures .  
It appears  t h a t  t h r e e  t y p e s  of a l l o y s  o f f e r  t he  promise of achiev ing  t h e  
r equ i r ed  high s t r e n g t h  i n  combination wi th  adequate f r a c t u r e  toughness 
a t  -423" F ,  This r epor t  p resents  engineer ing  design da ta  f o r  one such 
m a t e r i a l  - an a lpha  t i t an ium a l loy .  
The s u i t a b i l i t y  of 5A1-2.5Sn ELI t i t a n i u m  a l l o y  f o r  cryogenic  
tankage a p p l i c a t i o n s  has been s tudied  by determining the  mechanical 
and f r a c t u r e  p r o p e r t i e s  of t h e  material a t  t e s t i n g  temperatures  rang- 
i n g  from room temperature  t o  -423" F. Small round t e n s i l e  specimens 
were developed t o  measure the t e n s i l e  p r o p e r t i e s  over the range of 
t e s t i n g  t e m p e r a t ~ ~ p s  Plane  s t r a i n  fracture toughness measurements  
were a l s o  made a t  t hese  temperatures us ing  t h e  "pop-in" technique wi th  
a s m a l l  notched bend specimen. 
S p e c i a l  l abo ra to ry  techniques were developed t o  t e s t  the  spec i -  
mens a t  -423" F: u t i l i z i n g  the  s p e c i f i c  h e a t  of vapor i za t ion  of l i q u i d  
helium. 
The degree of p re fe r r ed  o r i e n t a t i o n  i n  t h i s  a l l o y  was q u a l i t a t i v e l y  
s t u d i e d  by determining the  r a t i o  of the  width s t r a i n  t o  the  th ickness  
straiz.  Thz fracture t~ughness values v e r e  Fnterpre ted  in t e r ~ s  ~f the 
c rys t a l log raphy  and mechanism of deformation of t i t an ium.  
The d a t a  are summarized i n  terms of a par t - through d e f e c t  which 
w i l l  be s t a b l e  a t  va r ious  opera t ing  temperatures and stress l e v e l s .  It 
h a s  been shown t h a t  t e x t u r e  hardening may be used t o  o b t a i n  high b u r s t  
s t r e s s e s  under b i a x i a l  s t r e s s  condi t ions .  
1 
INTRODYCT ION 
In. the p a s t ,  the  major i ty  of Liquid-fueled rocke t  boos t e r  tanks 
have been cons t ruc ted  of e i t h e r  aluminum a l l o y s  o r  cold r o l l e d  s t a i n l e s s  
s t e e l ,  The m i n i m u m  ope ra t ing  temperature f o r  t hese  tanks has been t h a t  
of the 1.iquid oxygen contained i n  them, namely, -297" F .  However, fu -  
t u r e  upper s t a g e  rocke t s  w i l l  use l i q u i d  hydrogen as a f u e l  and, t he re -  
f o r e ,  t h e  p rope l l an t  tanks w i l l  opera te  a t  -423" F. It is  doubt fu l  i f  
t he  p re sen t ly  used n a t e r i a l s  w F l l  opera te  e f f i c i e n t l y  a t  t h i s  tempera- 
t u r e ,  due t o  e i t h e r  low s t r e n g t h  o r  a def ic iency  i n  f r a c t u r e  toughness.  
Because of ths weight l i m i t a t i o n s  i n  the  upper s t a g e  s t r u c t u r e s  of 
t hese  new rockets  i t  would be d e s i r a b l e  t o  employ m a t e r i a l s  possess ing  
very h igh  s t r eng th - to -dens i ty  r a t i o s ,  provided the  m a t e r i a l  p r o p e r t i e s  
were s a t i s f a c t o r y  a t  the  minimui ope ra t ing  temperatures .  The aluminum 
a l l o y s  and cold r o l l e d  s t a i n l e s s  s t e e l s  used previous ly  f o r  rocke t  
boos t e r  tanks have s t r eng th - to -dens i ty  r a t i o s  of approximately 650,000 
inches a t  room temparature and 850,000 inches  a t  -297" F. 
Data presented a t  the  1960 ASTM Symposium on Low Temperature Prop- 
e r t i e s  of High S t r eng th  A i r c r a f t  and Missile Alloys1* showed t h a t  t hese  
s t r eng th - to -dens i ty  values  can be exceeded s u b s t a n t i a l l y  by some mater- 
i a l s .  Eased on t h i s  publ ished informat ion ,  i t  appears  t h a t  t h r e e  types 
of a l l o y s  o f f e r  the  promise of achiev ing  high s t r e n g t h  i n  combination 
wi th  adequate f r a c t u r e  toughness a t  -423" F. These m a t e r i a l s  a r e :  cold 
worked s t a b l e  and metas tab le  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  annealed a lpha  
t i t an ium a l l o y s  , and c e r t s i n  aluminum a l l o y s  of the  copper-bear ing series. 
Since the  a lpha  t i t an ium a l l e y s  and the  copper-bear ing aluminum a l -  
loys o f f e r  th2  most promise i n  regard t o  h igh  s t r eng th - to -dens i ty  r a t i o s ,  
t hese  ma te r i a l s  were s e l e c t e d  f o r  i n v e s t i g a t i o n .  This r e p o r t  p re sen t s  
e n g i m e r i n g  design da ta  f o r  an a lpha  t i t a n i u m  a l l o y .  A subsequent re- 
por t  (XASA CR 54297) vi11 be i ssued  covering the  aluminum work, 
Program Objec t ives  
The program ob jec t ives  a r e :  
(1) Provide b a s i c  design d a t a  f o r  determining t h e  maximum a l lowable  
f law s i z e  f o r  the  cnse t  of i n s t a b i l i t y  under plane s t r a i n  cond i t ions  f o r  
5A1-2.5Sn ELI t i t a n i u m  a s  a func t ion  of p l a t e  t h i ckness  and f law o r i e n t a -  
t ion  
(2) Provide b a s i c  design d a t a  f o r  t h e  c a l c u l a t i o n  of b u r s t  stress 
based on t ex tu re  hardening of hexagonal c lose-packed meta ls .  
"Gee REFERENCES 
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I n  view of t he  b a s i c  program o b j e c t i v e s ,  t h i s  r e p o r t  i s  d iv ided  i n t o  
two p a r t s .  
ogenic  design da ta  and encompasses t h e  f r a c t u r e  toughness and t e n s i l e  
t e s t i n g  a t  room and cryogenic temperatures;  the  second p a r t  dea l s  wi th  
the tex ture-hardening  p r o p e r t i e s  of t h i s  material. 
The f i r s t  p a r t  i s  concerned wi th  the  development of b a s i c  cry-  
Mater ia  Is 
The m a t e r i a l  used throughout th i s  i n v e s t i g a t i o n  was 5A1-2.5Sn ELI 
( e x t r a  l o w  i n t e r s t i t i a l )  t i t an ium a l l o y .  The composition of t h i s  a l l o y  
i s  shown i n  Table I. 
TABLE I 
Composition of 5A1-2.5Sn ELI Titanium Alloy 
Thi  c kne s s Percent  
( i n . )  - C Fe Sn Mn H A 1  N u2 -- -  - - - 
0.023 0.16 0.010 5.0 0.001 2.6 0.006 0.086 
n nnr) n 1 1  n nqn c n n nnn n L n n n c  n non  
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The m a t e r i a l  w a s  rece ived  as 1/4 and 1 / 2  inch  t h i c k  ho t  r o l l e d  p l a t e s .  
These p l a t e s  were annealed by furnace cool ing  from 1500" F. 
BASIC DESIGN DATA - FRACTURE TOUGHNESS 
The f i r s t  o b j e c t i v e  of t h i s  program can be achieved by the  app l i ca -  
t i o n  of G r i f f i t h - I r w i n  f r a c t u r e  mechanics. This  concept i s  based on the  
e a r l y  work of Gr i f f i t h :  us ing  a n  i d e a l l y  b r i t t l e  m a t e r i a l  - g l a s s .  
G r i f f i t h  pos tu l a t ed  t h a t ,  a t  i n s t a b i l i t y ,  t h e  s t r a i n  energy r e l eased  p e r  
u n i t  c rack  ex tens ion  was equal  t o  twice the su r face  t ens ion  per  u n i t  
c r ack  ex tens ion ,  as shown i n  Equation 1. 
M r .  
dec 2T 
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B da B d a  
The r e l a t i o n s h i p  expressed i n  Equation 1 has been exper imenta l ly  
v e r i f i e d  f o r  g l a s s .  However, a t tempts  t o  apply t h i s  simple r e l a t i o n -  
s h i p  t o  more d u c t i l e  m a t e r i a l s ,  such as metals, r e s u l t e d  i n  discrepan-  
c i e s  of s e v e r a l  o rde r s  of magnitude. This  w a s  a t t r i b u t e d  t o  t h e  work 
absorbed by p l a s t i c  deformation a t  the  c rack  t i p ,  which is not  considered 
i n  t h i s  equat ion .  
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L a t e r ,  Irwin3 proposed t h a t  a work func t ion  be s u b s t i t u t e d  f o r  the 
sur face  tens ion  term. Therefore  , Equation 1 becomes, a t  i n s t a b i l i t y ,  
where LC' = work func t ion ,  which i s  composed of two terms: su r face  t en -  
s i o n  and p l a s t i c  deformation. 
I n g l i s 4  developed the  s t r e s s  a n a l y s i s  f o r  a through crack  i n  an 
i n f i n i t e  p l a t e ,  s o  t h a t  Equation 2 becomes 
Recent ly ,  Irwin5 has proposed t h a t  t he  events  a t  the  lead ing  edge 
of a crack be descr ibed i n  terms of a parameter ,  K, which i s  a func t ion  
of the  loca l  e l e v a t i o n  of the  e l a s t i c  s t r e s s  f i e l d  ahead of t he  crack.  
It may be shown t h a t  
E h = K* (plane s t r e s s )  (4) 
and 
E R ~  = K12 (plane s t r a i n )  
(1 4) (5) 
I n  the d e f i n i t i o n  of the  problem, we a r e  p r imar i ly  concerned wi th  
the f i r s t  ( subsc r ip t  I) o r  opening mode of f r a c t u r e .  This  s i t u a t i o n  i s  
i l l u s t r a t e d  i n  Figure 1. Under these  cond i t ions ,  t h e  displacements  a r e  
i n  the  y d i r e c t i o n  only,  and the  p l a s t i c  deformation i s  confined t o  a 
smal l  a r e a  ad jacen t  t o  the  c rack  t i p .  Y 
. 
Figure 1. F i r s t ,  o r  opening, Mode of F r a c t u r e  
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Approach 
. 
Plane  s t ra- in  condi t ions  r equ i r e  maximum e l a s t i c  c o n s t r a i n t  i n  the  
pa th  of c rack  ex tens ion .  Specimen geometr ies  must be designed wi th  
t h i s  requirement i n  mind. 
H i s t c r i c a l l y ,  the c i r cumfe ren t i a l ly  notched-fat igue cracked round 
has Seen the  nos t  popular specimen and f o r  t h i s  specimen, t he  plane 
s t r a i n  f r a c t u r e  toughness,  K I ~ ,  may be c a l c u l a t e d  from 
KIc = 
0 .233  Onet (7TD)1'2 
The major d i f f i c u l t y  with such a specimen i s  t h e  need f o r  l a rge  spec i -  
men diameters ,  s o  t h a t  onet S 1 . 1 ~ ~ ~  t o  avoid genera l  y i e l d i n g  of the  
ne t sect ion .  
6 I rwin  has developed a s t r e s s  a n a l y s i s  t o  measure the  s t r e s s  i n t e n -  
s i t y ,  KI, f o r  a par t - through s e m i - e l l i p t i c a l  crack.  
g iven  as 
H i s  express ion  i s  
For  v a l i d  KIc measurements 
stress must no t  exceed the  y i e l d  s t r e n g t h  nor  t h e  c rack  depth exceed 
one-half  t h e  p l a t e  th ickness  Quite f r e q u e n t l y ,  t h e s e  requirements 
n e c e s s i t a t e  t he  use of l a rge  and c o s t l y  specimens. 
u t i l i z i n g  t h i s  a n a l y s i s ,  t he  gross  s e c t i o n  
- 
Recently Boyle, S u l l i v a n ,  and K r a f f t '  descr ibed a technique f o r  
measuring the  plane s t r a i n  f r a c t u r e  toughness us ing  sha rp ly  notched 
s h e e t  spocimsns. This  technlque i s  based on t h e  f a c t  t h a t  t he  i n i t i a l  
b u r s t  of c rack  growth from the  s t a r t i n g  notch o r  f a t i g u e  c rack  is under 
p lane  s t r a i n  cond i t ions .  The load a t  "pop-in" i s  usua l ly  de t ec t ed  by 
an  i n f l e c t i o n  i n  the load-def lec t ion  curve of the  specinen.  The plane 
s t r a i n  f r a c t u r e  toughness is  ca l cu la t ed  from the  load a t  "pop-in" us ing  
t h e  i n i t i a l  c rack  l eng th  and the appropr i a t e  plane stress equat ion.  
For a c e n t e r  c rack  s h e e t ,  t h i s  would be 
The development of t he  "pop-in" technique f o r  measuring the  plane 
s t r a i n  f r a c t u r e  toughness has r e su l t ed  i n  a f u r t h e r  decrease i n  spec i -  
men s i z e ,  as evidenced by the  recent  use of t he  s ingle-edge notched 
specimen. The plane s t r a i n  f r a c t u r e  toughness i s  c a l c u l a t e d  from a 
compliance c a l i b r a t i o n  of the  specimen o r  from an a n a l y t i c a l  r e l a t i o n -  
s h i p  r e c e n t l y  developed by Gross. 8 
5 
It i s  ~ . . l s o  poss ib l e  t o  measure the plane s t r a i n  f r a c t u r e  toughness 
i n  slow notched bending, The plane s t r a i n  f r a c t u r e  toughness f o r  t h ree -  
po in t  loading may be ca l cu la t ed  from a compliance c a l i b r a t i o n  developed 
by Irwing,  and i s  given a s  
KIc - (9) 
where f '  = 8.80 x x - 21.12 x x2 + 76.08 x x3. 
An a n a l y t i c a l  s o l u t i o n  has a l s o  been der ived by BuecknerlO t o  c a l -  
H i s  express ion  f o r  KI pe r  u n i t  t h i ckness  c u l a t e  KI i n  nGtched bending. 
i s  given a s  
The va lues  of f ( a / d )  a r e  g iven  i n  Table 11. 
TABLE I1 
Value of f ( a / d )  a s  a Funct ion of a / d  
a /d  0.05 0,10 0.20 0.30 0.40 0.50 0.60 
f (a /  d) 0.36 0.49 0.60 0.66 0.69 0.72 0.73 
Lubanl l  has shown t h a t  both the  compliance c a l i b r a t i o n  and Bueckner 's  
s o l u t i o n  give almost Ldent ica l  r e s u l t s .  I n  a d d i t i o n ,  Kies  e t  a l l 2  have 
s t i p u l a t e d  t h a t ,  f o r  v a l i d  K l c  measurements i n  slow notch bending,  t he  
nominal f i b e r  s t r e s s  a t  the roo t  of t h e  notch  should not  exceed 1.1 oys 
and t h a t  the most zppropr ia te  notch depth is  0 - 2  t o  0 - 3  of the  beam depth.  
Spec i m n  Se l e  c t i o n  
The requiriment t o  measure t h e  plane s t r a i n  f r a c t u r e  toughness a t  
-423" F n e c e s s i t a t e s  the use of a small specimen. Employing l a r g e r  
specimens of the  c i r cumfe ren t i a l ly  notched round o r  pa r t - th rough  crack  
v a r i e t y  would r equ i r e  excess ive  amounts of cryogenic  coo lan t s .  There- 
f o r e ,  a small  slow-notched bend specimen was s e l e c t e d  t o  b e s t  f i t  t hese  
requirements.  By employing the "pop-in" method, the  phys ica l  s i z e  of 
t he  specimen could be f u r t h e r  reduced. The specimen which w a s  s e l e c t e d  
f o r  the  cryogenic s t u d i e s  i s  shown i n  F igure  2.  The th i ckness  and 
depth of the notched beam specimen can be va r i ed  wi th in  the  l i m i t s  of 
the  mechanical t e s t  equipment without  a l t e r i n g  the  accuracy of t h e  plane 
s t r a i n  f r a c t u r e  toughness a n a l y s i s .  
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Figure 2.  Small Notched Bend Specimen 
Unpublished work a t  Frankford Arsenal  has shown t h a t  t he  load a t  
"pop-in" may be r e a d i l y  de tec ted  by a small h igh-e longat ion  s t r a i n  gage 
placed a t  the  crack t i p .  With the advent of s u i t a b l e  techniques f o r  
a t t a c h i n g  and using s t r a i n  gages a t  t hese  low temperatures ,  t h i s  method 
of "pop-in" d e t e c t i o n  should give r e l i a b l e  da ta  without i nco rpora t ing  
an a d d i t i o n a l  l a rge  mass requi r ing  g r e a t e r  cool ing  capac i ty .  
A s  mentinned nrevious lv .  l a rge  consumptions of cryogenic coolan ts  
and the  mechanical l i m i t a t i o n s  of t he  c r y o s t a t  n e c e s s i t a t e d  the  use of 
small specimens f o r  KI- determinat ions.  
de te rmina t ion  of the engineer ing  t e n s i l e  p r o p e r t i e s .  Therefore ,  a small 
round t e n s i l e  specimen (0.160 i n .  d iameter ) ,  as shown i n  Figure 3 ,  was 
used f o r  t hese  s t u d i e s .  S m a l l  s t r a i n  gages were used t o  determine the  
s t r a i n  of the specimen. 
This a l s o  he ld  t r u e  f o r  the 
To provide suppor t ing  f r a c t u r e  toughness d a t a  f o r  t he  notched bend 
A drawing of specimens, a s m a l l  s ingle-edge notched specimen w a s  used. 
t h i s  specimen i s  shown i n  Figure 4 .  
I 
4 
- 
-1 I 
c 
Figure 3 .  Small round Tens i l e  Specimen 
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NOTCH DETAIL 
L A ,  0.323 l i p  Root Radius Sharper 
''oo5 Than 0,OOl''. 0.050" 
Fatique Crack To Be 
Added Before Test 
F i g u r e  4 .  Single-edge  Notched Specimen 
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Experimental Techniques 
The notched bend specimens were machined wi th  a notch  roo t  r ad ius  
of 0.001 inch ,  maximurn. Although under c e r t a i n  c i rcumstances,  t h i s  
ra.dius would be s u f f i c i e n t l y  sharp ,  m D s t  condi t ions  r equ i r e  t h e  use of 
a sharper  riotch o r ,  p re fe rab ly ,  a f a t i g u e  crack.  Consequently, t h e  
nctched bend spscirnens were precracked i n  f a t i g u e  us ing  a s p e c i a l  ma-  
chine developed by Man-Labs , X x  s , f o r  t h i s  purpose. This  equipment 
i s  shown i n  Figure 5. 
A f t e r  precracking,  s t r a i n  gages were a t t ached  t o  t h e  notched bend 
specimens immediately ahead of the f a t i g u e  c rack  t i  The techniques 
used were modeled a f t e r  those descr ibed by Kaufmanlf; f o r  cryogenic  
s t r a i n  gage a p 2 l i c a t i o n s .  
For thos2 tests coIzducted a t  ambient temperature and -110" F, t he  
s u r f a c e  of the  specimens w a s  cleaned by l i g h t  sandblas t ing .  Small high- 
e longat ion  epoxy-backed "advance" s t r a i n  gages were cemented i n  p lace  
us ing  GA-5 cement. Af te r  cur ing  and a t t a c h i n g  the lead w i r e s ,  a t h i n  
over -coa t ing  e f  GA-5 cement w a s  sprayed over t h e  gage assembly t o  pro- 
v ide  mechanical F rc t ec t ion .  A s l i g h t l y  d i f f e r e n t  technique w a s  employed 
f o r  specimens t e s t e d  a t  -320" and -423" F. The su r face  of t he  specimens 
was cleaned bv l i g k t  sandblas t ing .  A t h i n  base coa t  (0.001 inch  t h i c k )  
of GA-5 cement w a s  appl ied  t o  the specimen by means or an  a i r  Drusn, 
A f t e r  cu r i cg  t h e  base c o a t ,  a second t h i n  l a y e r  of GA-5 cement was a p -  
p l i e d  t o  the  specimen by means of an  a i r  brush ,  and a small back les s  
nichrome s t r a i n  gage w a s  embedded i n  the  cement. The cement was  t hen  
cured,  Af t e r  so lde r ing  t h e  lead wi re s ,  a t h i n  p r o t e c t i v e  coa t ing  of 
GA-5 cement was  app l i ed  t o  the s t r a i n  gage i n s t a l l a t i o n .  
The mechagical t e s t i n g  was conducted on an  I n s t r o n  t e n s i l e  t e s t i n g  
machine an3 i s  shown I n  d e t a i l  i n  F igure  6 ,  The notched bend specimens 
were t e s t e d  i n  three-poin t  loading. The end loads were r eac t ed  a g a i n s t  
a compression C O I U ~ ~  which was s t t ached  t o  the  moveable crosshead of 
t h e  Ins t ron .  The c e n t r a l  load was app l i ed  3y means of a t ens ion  b a r  
and loading saddle,  which pass  up t he  c e n t e r  of the  compression column 
and a r e  a t t ached  t o  the  load c e l l  of t he  I n s t r o n .  The loading w a s  ac- 
complished by d r l v i n g  the moveable crosshead of t he  I n s t r o n  downward. 
For the tes ts  c.mrlucterl a t  ambient temperature ,  t h e  specimens were 
brokec  i n  a i r  a t  approximstely 70" F. 
conducted by immersing the  campression column, speclmen, and a s s o c i a t e d  
appa ra tus  i n  a mixture of dry ice  and a lcohol  and i n  l i q u i d  n i t rogen ,  
r e s p e c t i v e l y ,  
Tests st -110" and -320" F were 
Since i t  w a s  not pract ical ,  from a s a f e t y  s t andpo in t ,  t o  use l i q u i d  
hydrogen i n  the  l abora to ry ,  a s y s t e m  had t o  be developed whereby t e s t i n g  
could  be accomplished a t  -423" F. The method devised u t i l i z e d  t h e  evap- 
o r a t i n g  gas of l i q u i d  helium (-452" F) as the  cryogenic medium. The cold 
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UPPER STAT IO NARY 
CROSS HE An 
LOADING SCREWS 
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STRAIN BAR 
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Figure 6 .  Schematic of Loading Notched Bend Specimens 
i n  I n s t r o n  Test Machine 
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3 .  
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7. 
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10. 
gas passed over an  e l e c t r i c a l  r e s i s t a n c e  h e a t e r  c o n t r o l l e d  s o  t h a t  t h e  
emerging stream of heated gas maintained the  t e s t  specimen a t  l i q u i d  
hydrogen temperature .  
para tus  used i s  shown i n  Figure 7. 
A schematic of the  c r y o s t a t  and a s s o c i a t e d  ap- 
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Wire Mesh 'Cage f o r  Heater & T h e r m i s t o r  
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Beam Specimen 
Heater, Thermistor  & Specimen Thermocouple 
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S t e e l  Compression Tube 
Liquid  Helium I n l e t  
L iqu id  Ni t rogen  I n l e t  
Amphenole P lug  f o r  Ins t rumen ta t ion  Lead 
Wires 
Figure 7. Schematic of Cryos t a t  and Assoc ia ted  Apparatus 
used f o r  Tes t s  Conducted a t  -423" F 
1 2  
A b r i e f  d e s c r i p t i o n  of the opera t ion  of t he  c r y o s t a t  fo l lows .  A f t e r  
p l ac ing  the  specimen i n  p o s i t i o n  in  t h e  ho lde r ,  making a l l  e l e c t r i c a l  
connect ions,  and s e a l i n g  the  c ryos t a t  t o  t he  t e s t i n g  machine, l i q u i d  n i -  
t rogen  i s  introduced i n t o  the  outer  dewar u n t i l  t h e  proper l e v e l  i s  main- 
t a ined .  Th i s  s e rves  a s  a s h i e l d  fo r  t h e  l i q u i d  helium system. Liquid  
n i t r o g e n  i s  then  slowly introduced through i n l e t  @ * i n t o  t h e c e r  
dewar and allowed t o  b o i l  The boi l -of f  gas f i l l s  t h e  r eg ion  6 and 
then  drops down i n t o  cup '0 through opening @ . The as then  t r a v e l s  
up through the  opening a t  t h e  bottom of t he  cold f i n g e r  6 over the  
h e a t e r  and the rmis to r ,  over  the  specimen and out the  exhaus t '  @) . 
cess pressure  is b l ed  oi'f by exhaust va lve  @ . Cooling wi th  l i q u i d  
n i t r o g e n  i s  continued u n t i l  t h e  specimen temperature  i s  approximately 
-250" F. 
t r a n s f e r r e d  i n t o  the  inne r  (area 16) dewar. The pa th  of t h e  cold helium 
gas i s  the  same as t h a t  of the n i t rogen  gas. However, when t h e  tempera- 
t u r e  of the  cold helium gas stream i s  below -423" F ,  the  h e a t e r  c o i l  i s  
energ ized  t o  cond i t ion  the  gas s t ream t o  l i q u i d  hydrogen temperature .  
The temperature of the  specimen i s  confirmed by means of an  a t t ached  
d i f f e r e n t i a l  thermocouple , shown i n  F igure  8. 
Ex- 
The system i s  now purged wi th  hel ium gas and l i q u i d  helium i s  
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SPECIMEN REFERENCE 
To TYPE 
K POTENTIOMETER 
Figure  8. Schematic of D i f f e r e n t i a l  Thermocouple C i r c u i t  
Used t o  Measure Cryogenic Temperatures 
*Numbers i n  c i r c l e s  r e f e r  t o  Figure 7. 
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The d i f f e r e n t i a  1 thermocoup l e  measures the ab so l u t e  e l e  c t romo t ive  
fo rce  generated between the  cold junc t ion  (specimen) and re ference  tem- 
pe ra tu re  ( l i q u i d  n i t rogen) .  For accuracy i n  measuring these  s m a l l  v o l t -  
ages ,  a Leeds and Northrup type K potent iometer  with a l i g h t  beam b a l -  
l i s t i c  galvanometer was used i n  conjunct ion with a copper-constantan 
thermocouple. The specimen i s  maintained a t  temperature f o r  t e n  n in-  
Utes p r i o r  t o  t e s t i n g .  
Experimental Resul t s  and Discussion 
One-quarter Inch Thick 5A1-2.5Sn ELI Titanium Alloy P l a t e  
Engineering Tens i l e  P r o p e r t i e s  
Generalized t y p i c a l  engineer ing  s t r e s s - s t r a i n  curves  f o r  t h i s  
m a t e r i a l  t e s t e d  a t  ambient temperature ,  -llOo, -320", and -423" F a r e  
shown i n  Figure 9.  The t e n s i l e  t e s t s  a t  -423" F showed a d i f f e r e n t  be- 
havior  from those a t  o the r  temperatures  and t h i s  i s  i l l u s t r a t e d  by the  
saw-toothed type curve shown i n  Figure 10. T1:i.s behavior  i s  cha rac t e r -  
i s t i c  of a m a t e r i a l  where a l a rge  p o r t i o n  of the p l a s t i c  flow can be 
a t t r i b u t e d  t o  twinning, r a t h e r  than s l i p .  14 
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Figure 10. Load-Deflection Curve f o r  5A1-2.5Sn ELI Titanium Alloy 
t e s t e d  a t  -423" F 
This  t r a n s i t i o n  from s l i p  t o  twinning may occur i n  close-packed 
metals wi th  decreas ing  t e s t  temperature.  
specimen i s  caused by the increased compliance of t he  specimen due t o  
twinning. Since twinning i s  a very  rap id  process  (order  of microseconds) 
as con t r a s t ed  w i t h  s l i p  (order  of mi l l i s econds ) ,  the crosshead of t he  
t e n s i l e  machine cannot keep pace wi th  the  deformation of the  specimen, 
so an  unloading behavior i s  observed. The t e n s i l e  da t a  f o r  bo th  the 
l o n g i t u d i n a l  and t ransverse  specimens a r e  summarized g raph ica l ly  i n  
F igure  11 and t abu la t ed  i n  Table 111. 
The r ap id  unloading of t h e  
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Figure  11. Tens i l e  P r o p e r t i e s  of 1 /4  inch t h i c k  5A1-2.5Sn ELI 
Titanium Alloy P l a t e  as a Funct ion of Tes t ing  Temperature 
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S i n c e  twinning i s  the primary mode of deformation, i t  i s  de- 
s i r a b l e  t o  f u r t h e r  s tudy  t h i s  phenamenon. 
Metal lographic  specimens were taken of the p l a s t i c a l l y  de- 
formed areas  a f  thz t e n s i l e  specimens. The s t r u c t u r e s  observed a r e  
shown i n  Figures  12, 13, 14, and 15. Examination of these  s t r u c t u r e s  
sho.ws soae evidence of twinning, t oge the r  wi th  s l i p . ,  As the  t e s t i n g  
temperature i s  lowered, t he  number of twins i n  the  s t r u c t u r e  inc reases .  
A t  -423' P, the  p l a s t i c  deformation mechanism is  p r imar i ly  by twinning. 
This m a t e r i a l  e x h i b i t s  a h igh  degree of s e n s i t i v i t y  of s t r e n g t h  
t o  temperature and shows a n  inc rease  of y i e l d  s t r e n g t h  from 100,000 p s i  
a t  raom tempemture t o  over 200,000 p s i  a t  -423" F. The inc rease  was 
accomplished wFth only a minor l o s s  i n  the comsn ly  accepted d u c t i l i t y  
parameters,  namely e longat ion  and r educ t ion  of a r e a .  
No h igh  degree of an iso t ropy  was observed i n  the  ord inary  en- 
g inee r ing  t e n s i l e  p r c p e r t i e s ,  as shown by uni formi ty  of r e s u l t s  between 
t h e  long i tud ina l  and t r ansve r se  specimens (Table 111). 
Plane S t r a i n  F rac tu re  Tou.ghness 
The plane s t r a i n  f r a c t u r e  toughness va lues  determined us ing  
the  114 inch  t h i c k  notched bend specimens and small single-edge notched 
specimens (SEN) i n  both  the  l o n g i t u d i n a l  and t r ansve r se  d i r e c t i o n s  are  
shown a.s a f u w t i o n  of t e s t i n g  temperature i n  F igure  16. The experimen- 
t a l  da t a  are  summarized i n  Table KV. Camparison of t he  plane s t r a i n  
r ' racture  toughness values  computed by the  cclmpliance equa t ion  and Bueckner 's  
equa.tion shows t h a t  the l a t t e r  gives  s i g n i f i c a n t l y  h ighe r  va lues .  This  
i s  in con t ra s t  t o  da t a  repor ted  i n  Reference 11. However, those observa- 
t i o n s  were made s i n g  r e l a t i v e l y  l a rge  specimens,  whereas t h i s  i n v e s t i g a -  
t i o n  i s  concerned wi th  q u i t e  small  specimens, 
It w i l l  be observed t h a t  the  f r a c t u r e  toughness va lues  d e t e r -  
mined a t  room temperature and -110" F a r e  ind ica t ed  as lower bound v a l -  
ues only.  I n  these. t e s t s ,  the  load -de f l ec t ion  curves showed a gradual  
depar ture  from l i n e a r i t y  and d i d  not  g ive  a pronounced pop-in p o i n t .  
Under these condi t ions  i t  i s  poss ib l e  t o  e s t ima te  the  pop-in load and,  
t h e r e f o r e  , the plane s t r a i n  f r a c t u r e  toughness by ex tend ing  t h e  l i n e a r  
po r t ion  of t he  I cad -de f l ec t ion  curve and drawing a tangent  t o  the  s lop ing  
p o r t i o n ,  as shcwn i n  Figure 17 .  The pop-in i s  a r b i t r a r i l y  def ined  as 
the  i n t e r s e c t i o n  of these  t w o  l i n e s .  
I n  regard t o  the  adequacy of the specimen and t e s t i n g  technique ,  
the  followi.ng po in t s  shou1.d be cons idered .  A s  mentioned p rev ious ly ,  
Kies e t  a l l 2  have shown t h a t  f o r  v a l i d  KIc measurements i n  notched bend- 
ing ,  t h e  nominal s t r e s s  a t  t he  roo t  of t h e  notch  should not  exceed 1.1 
times the y i e l d  s t r e n g t h .  Ca lcu la t ing  t h i s  stress,  
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F i g u r e  12. S t r u c t u r e  of P l a s t i c a l l y  Deformed Area of  T e n s i l e  
Speciroen of 5A1-2.5Sn E L I  T i t an ium t e s t e d  a t  
Amb ie n t Tempe 1: a t  ure  
e t h y l e n e  g l y c o l  and 10% HF, e l e c t r o l y t i c  E t c h a n t :  
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Reg: 36 . 231 .S126/AMC .65 
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Figure 13. Structure of Plastically Deformed Area of Tensile 
Specimn of 5A1-2.5Sn ELI Titanium tested at  -110" F 
Etchant: ethylene glycol and 10% HF, electrolyt ic  
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Figure 14. Structure of Plast ical ly  Deformed Area of Tensile 
Etchant: ethylene glycol and 10% HF, e lectrolyt ic  
Specimen of 5A1-2.5Sn ELI Titanium tested a t  -320" F 
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F i g u r e  15. S t r u c t u r e  of P l a s t i c a l l y  D e f o r m d  Area of T e n s i l e  
Specimen of 5A1-2.5Sn ELI T i t a n i u m  t e s t e d  a t  -423" F 
E tchan t :  e t h y l e n e  g l y c o l  and 10% HF, e l e c t r o l y t i c  
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TABLE I V  
Plane S t r a i n  F rac tu re  Toughness P r o p e r t i e s  of 
1/4 inch  5A1-2.5Sn ELI Titanium Alloy P l a t e  
a s  a Funct ion of Tes t ing  Temperature 
Tes t ing  
Temperature 
(OF) 
80 
-110 
-3 20 
-A71 
80 
- 110 
-320 
-423 
P 
o 
476 
480 
685 
995 
7 70 
880 
8 20 
855 
830 
8 63 
775 
70 2 
588 
h33 
6 65 
780 
7 70 
740 
800 
8 15 
800 
621 
6 60 
490 
K ~ ,  ( p s i  G.) 
a Compliance 
(in.)  Equation 
Longi tudinal  
0.182 35, goo* 
0.153 30,900* 
0.154 . 42y800* 
0.095 45,200* 
0.135 44,300* 
0.122 46,800* 
0.148 50,600 
0.140 50,700 
0.150 52,200 
0.127 47,500 
0.117 40,000 
0.143 42,700 
Transverse 
0.176 43,200* 
0.159 42,500-k 
0.131 3 7,700* 
0.148 48,900* 
0.142 46,800* 
0.153 48 ,OOO* 
0.132 45,400 
0.135 47,400 
0.141 48,100 
0.1561 40 900 
0.1466 41,100 
0.1700 34 800 
Bue ckne r ' s 
Equation 
62,000 
61,400 
63,200 
56,400 
34 ,uuu 
51,600 
49,300 
57,200 
58,000 
48,800 
49,800 
41,800 
Breaking 
Load 
0 
8 70 
1110 
965 
1460 
1120 
1030 
820 
865 
830 
8 63 
750 
0 L& 
940 
10 80 
1140 
1065 
10 60 
1000 
800 
8 15 
800 
6 75 
765 
6 90 
*Lower bound va lues .  
27 
Figure 16. Var i a t ion  of the Plane S t r a i n  F rac tu re  Toughness of 
1/4 inch  t h i c k  5A1-2.5Sn ELI Titanium Alloy P l a t e  
a s  a Funct ion of Tes t ing  Temperature 
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Figure 1 7 .  Method of Es t imat ing  Pop-in Load 
by Tangent - I n t e r c e p t  Technique 
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%om = 
and us ing  the  da t a  i n  Table IV showed t h a t  Onom exceeded the  maximum 
al lowable f o r  a l l  tests conducted a t  room temperature  and a t  -110" F. 
Previous  experience wi th  specimens having h igh  nominal s t r e s s e s  shows 
t h a t  under these  cond i t ions ,  t he  K I ~  va lues  determined are depressed. 
The plane s t r a i n  f r a c t u r e  toughness va lues  s o  determined are a r b i t r a r -  
i l y  def ined as lower bound values .  
To ga in  a d d i t i o n a l  i n s i g h t  i n t o  the  behavior  of t h i s  material, 
some reasonable  estimate of the  K I ~  value a t  room temperature  i s  needed. 
Srawley15 has  shown t h a t  t h e  single-edge notched specimen has  the g r e a t -  
e s t  measuring capac i ty  i n  t e r m s  of K I ~  of a l l  t h e  va r ious  specimen 
geometries d i scussed .  Consequently, small s i n g l e  -edge notched specimens 
were machined from the  1 /4  inch  t h i c k  p l a t e  i n  bo th  the  l o n g i t u d i n a l  and 
t r ansve r se  d i r e c t i o n s ,  and t e s t e d  a t  room temperature .  The load-def lec- '  
t i o n  curves d id  not  show a marked "pop-in" p o i n t ,  b u t  exh ib i t ed  a grad- 
u a l  depar ture  from l i n e a r i t y .  The p o i n t  of depar ture  from l i n e a r i t y  w a s  
a r b i t r a r i l y  s e l e c t e d  t o  compute the plane s t r a i n  f r a c t u r e  toughness. 
These 
Spec 
No- -
1 
2 
1 
2 
3 
da ta  are summarized i n  Table V and are a l s o  shown on Figure  16. 
TABLE V 
Single-edge Notch Frac ture  Toughness Values 
f o r  
Crack 
Depth 
( i n . )  
0 -387 
0 -394 
0.402 
0.378 
0.372 
Longi tu6 i n a  i 
5500 7330 20,900 28,100 79,200 100,200 
5300 7100 20,300 27,200 78,800 100,900 
Transverse 
5400 6650 20,800 25,600 82,800 111,000 
5880 7330 22,700 28,300 82,800 108,700 
5750 7590 22,200 29,300 79,800 101,500 
I n  h igh  stress t e s t s ,  it i s  customary t o  c o r r e c t  f o r  t he  e f -  
f e c t  of t he  p l a s t i c  s t r a i n  a t  the crack t i p .  The p l a s t i c  deformation 
r e l a x e s  the s t r e s s  s o  t h a t  a s l i g h t l y  lower va lue  of plane s t r a i n  f r a c -  
t u r e  toughness i s  ca l cu la t ed .  This e f f e c t  i s  taken i n t o  cons ide ra t ion  
by the  a d d i t i o n  of a small increment equal  t o  the  r ad ius  of the p l a s t i c  
s t r a i n  zone t o  the  measured crack length.  Examination of t he  da ta  i n  
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t h i s  t ab l e  shcws t h a t  the  p l a s t i c  zone cor rec t ior ,  r e s u l t s  i n  a r e l a -  
t i v e l y  large change in the  plane s t r a i n  f r a c t u r e  toughness (approxi-  
mately 20 perLent) and i n d i c a t e s  t h a t  t h e  p l a s t i c  zone s i z e  i s  not  
smal l  compared wi th  the  crack length .  Therefore ,  t hese  co r rec t ed  va lues  
a r e  considered reasonsble  e s t ima tes  of minimiim K l c  of t h i s  m a t e r i a l .  It 
w i l l  be noted t h e t  these minimum es t ima tes  of K I ~  a r e  cons iderably  l a r g -  
e r  than  the h w e r  bound va lues  determined us ing  the  small  notched bend 
s pe c i.me n e 
Tc c b t a i n  v a l i d  pop-in data., i t  has been shown t h a t  the  
p l a t e  thickness  should be equai  t o  o r  g r e a t e r  than fou r  t imes the  
r ad ius  of the  p l a s t i c  zone s i z e e 7  
as 
This  i s  expressed mathematically 
Solving t h i s  equat ion  with €3 equal  t o  114 inch  and a y i e l d  
s t r e n g t h  equzl  t o  ?OO,OOO p s i  gave a maximum determinable va lue  f o r  
K I ~  of 62,600 p s i  d z .  f o r  pop-in t o  occur .  
than  t h e  est imated minimum value of 100,000 p s i  Go a s determined us ing  
the  s ingle-edge notched specimens. This a n a l y s i s  may now be extended 
t o  the  t e s t s  cimducted a t  -320" F. So lu t ion  of Equation 12 us ing  the  
1J4 inch  tk i ck  specimen and a y i e l d  s t r e n g t h  of approximately 170,000 
p s i  gave a m<qximum determinsb1.e value of K I ~  of 106,000 p s i  f i . The 
value of K I ~  determ5ned a t  t h i s  temperature i s  much less than  t h e  max- 
imum value  
This i s  cons iderably  less 
'The f i n a l  po in t  t c  be considered is  the  depth of t he  beam. 
It has been s t a t e d  f o r  shee t  t e s t i n g 7  t h a t  the width of the  specimen 
should be 20 t . i m e s  the  p l a s t i c  zone s i z e .  The same cond i t ions  should 
apply t o  the notched bend specimens i n  t h a t  t h e  beam depth should be 
20 t i m e s  the p l a s t i c  zoize s i z e .  Ca lcu la t ion  of t h e  p l a s t i c  zone s i z e  
a t  roan  teinperature. gave a v a l u e  of 0.159 inch ,  o r  a minimum beam 
depth of 3.1863 inches.  This  ainimum value  of bean  depth  i s  cons ider -  
ab ly  g r e e t e r  than  the  0.500 inch  used. 
t e s t s  conducted st -320" F gave a value of 0.0233 inch  f o r  t h e  r a d i u s  
of the p l a s t i c  zon.e,  o r  a m?nimum va lus  f o r  t he  beam depth of 0.466 
inch  (whi.c% is less  thS.3 the 0,500 inch  beam depth  employed). Gross8 
h a s  s t a t e d  t h x t  t he  1i .m.Ft  of a p p l i c a b i l i t y  of the specimen w i l l  be 
reached i f  the aorni.r.s.l. s t r e s s  a t  the  c reck  t i p  reaches  t h e  y i e l d  s t r e s s  
of the  m a t e r i a l ,  as s t a t e d  i n  
Extending t h i s  a n a l y s i s  t o  
So lu t ion  of t h i s  equation.,  us ing  da ta  obta ined  a t  -320" F ,  gave a Val- 
ue of d-a equal t o  0.410 inch .  
should be adeqaate ~ 
Thcrefore ,  the  0.500 inch  d e e p  beam 
30 
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The da ta  a t  -423" F show an  i n c r e a s i n g  va lue  of y i e l d  s t r e n g t h  
wl th  a decrease i n  toughiless, s o  t h a t  those  specimens which a r e  adequate 
a t  -320" F w i l l  be adequate a t  -423" F,  
These c a l c u l a t i o n s  show t h e  small notched bend specimens should 
give r e l i a b l e  da t a  a t  -320" F. Therefore ,  t he  use of another  specimen 
geometry t o  measure t h e  plane s t r a i n  f r a c t u r e  toughness would supply sup- 
p c r t i n g  da ta .  S m a l l  s ingle-edge notch specimens (Figure 4) were machined 
from the  1/4 inch  p l a t e  i n  the  long i tud ina l  and t r a n s v e r s e  d i r e c t i o n s .  
These specimens were precracked i n  f a t i g u e  and instrumented wi th  s t r a i n  
gages t o  d e t e c t  t he  pop-in load. The plane s t r a i n  f r a c t u r e  toughness 
c a l c u l a t e d  from these  experiments,  conducted a t  -320" F, are p l o t t e d  i n  
Figure 16 and a r e  summarized i n  Table V I .  Comparison of the  plane s t r a i n  
f r a c t u r e  toughness values  determined by the  s ing le i edge  notclied specimens 
and t h e  bend specimens us ing  Beuckner's s o l u t i o n  shows t h a t  bo th  specimens 
g ive  e s s e n t i a l l y  the  same value of f r a c t u r e  toughness.  
Spec 
N o .  -
2/8-1 
2/8-2 
2/8-3 
2i8-4 
2/8-3 
2/8-4 
2/9-5 
219-6 
TABLE V I  
Plane S t r a i n  F rac tu re  Toughness of 
5A1-2.5Sn E L I  Titanium P l a t e  
Using Single  Edge Notched Specimens a t  -320" F 
K~~ ( p s i  Lie) 
a Load S t r e s s  P l a s t i c  Zone 
L -  1 --.-..A..t.-%A -- (ic.) ', (lb) tpsl.; u IILVL L L  C LC v - - - -__  - 
Transverse 
9.3715 3935 15 , 800 56,500 60 , 900 
0.3706 4 220 17,200 61,500 66,000 
0.4004 3400 13 , 830 55,000 58 , 600 
r,. O n n  0.3415 45 60 18,550 DV , LUV 64,  CLOO 
Lcngitud i n a  1 
0 -3487 4 240 17,300 57 , 200 61,000 
0.3488 4490 18 , 300 61,000 64 , 600 
0.3576 4355 17,750 60 300 64,500 
0.3674 44 20 17,960 6 2  , 700 67,900 
One-half  i nch  Thick 5A1-2.5Sn EX1 Titanium Alloy P l a t e s  
Engin ter ing  Tens i l e  P rope r t i e s .  
The engineer ing  t e n s i l e  p r o p e r t i e s  of th is  material  are p l o t -  
t e d  as a func t ion  of t e s t i n g  temperature i n  F igure  18 and the  da t a  a r e  
summarized i n  Table VI:. E s s e n t i a l l y  the  same comments a r e  p r e t i n e n t  r e -  
gard ing  these  d a t a  a s  f o r  t he  data obtained from the  1 / 4  inch  p l a t e .  
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. 
Figure  18. Tens i l e  P r o p e r t i e s  of 1 / 2  i n c h  t h i c k  5A1-2.5Sn ELI 
Titanium Alloy P l a t e  as a Funct ion  of T e s t i n g  Temperature 
. 
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Plane S t r a i n  F rac tu re  TouPhness 
Of in te res t  t o  the i n v e s t i g a t o r  and p r a c t i c a l  importance t o  ' 
the  designer  is the  poss ib l e  v a r i a t i o n  of t he  plane s t r a i n  f r a c t u r e  
toughness with . respect  t o  c rack  o r i e n t a t i o n .  
i s  poss ib le  t o  s tudy the  an iso t ropy  of the  m a t e r i a l  with r e spec t  t o  the  
plane s t r a i n  f r a c t u r e  toughness.  The o r i e n t a t i o n  of the  var ious  spec i -  
mens is  shown i n  F igure  19 ,  i n  which the L and T des igna t ions  g ive  the 
o r i e n t a t i o n  of the  specimens r e l a t i v e  t o  the  r o l l i n g  d i r e c t i o n  of the 
p l a t e .  I n  t h e  S s e r i e s  of specimens, t he  d i r e c t i o n  of crack propaga- 
t i o n  is  p a r a l l e l  t o  the  r o l l i n g  plane;  i n  the  D s e r i e s ,  the specimens 
a r e  s o  or ien ted  t h a t  the pa th  of c rack  propagat ion i s  perpendicular  t o  
the  r o l l i n g  p lane .  
I n  t h i s  t h i c k e r  p l a t e  i t  
The plane s t r a i n  f r a c t u r e  toughness va lues  are p l o t t e d  as a 
func t ion  of t e s t i n g  temperature i n  F igures  20 and 2 1 ,  and a r e  summarized 
i n  Table VIII. The same l i m i t a t i o n s  p reva i l ed  i n  these  t e s t s  as i n  those 
descr ibed  f o r  the 1/4 inch t h i c k  p l a t e .  Consequently, a l l  tests conduc- 
t ed  a t  ambient temperature  and -110" F ,  us ing  the  small notched bend 
specimens, are considered lower bound va lues .  
I n  an at tempt  t o  a b t a i n  a more accu ra t e  measure of t he  plane 
s t r a i n  f r a c t u r e  toughness of t h i s  m a t e r i a l  a t  ambient temperature and 
-110" F ,  l a r g e r  notched bend b a r s  were machined from the  1 / 2  inch  t h i c k  
p l a t e .  
four  i nch  span. The load -de f l ec t ion  curves f o r  these  specimens showed 
no pronounced pop-in p o i n t ,  bu t  exh ib i t ed  a gradual  depar ture  from l i n -  
e a r i t y ,  as d i d  t h e  small notched bend specimens. Consequently, t he  va l -  
ues determined are a l s o  ind ica t ed  as lower bound. These va lues  are a l s o  
p l o t t e d  i n  F igure  20. 
These specimens were 1 / 2  inch  t h i c k  by 3 / 4  i nch  deep, with a 
R O L L I N G  D I R E C T I O N  - 
Figure  19. Or i en ta t ion  of Specimens Machined from 1 / 2  inch  t h i c k  P l a t e  
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Figure  20. Var i a t ion  ~f t he  Plae S t r i i n  F rac tu re  Toughness of 1 /2  inch  
t h i c k  5A1-2.5Sn ELI Titanium Alloy P l a t e  as a Funct ion of 
Tpqf-inp T e m e r a t u r e  f o r  LS and'TS Specimen S e r i e s  
F igu re  21. V a r i a t i o n  of the  Plane S t r a i n  F rac tu re  Toughness of 1 /2  inch 
t h i c k  5A1-2.5Sn ELI Titanium Alloy P l a t e  as a Funct ion of 
Tes t ing  Temperature f o r  LD and TD Specimen S e r i e s  
Tes t ing  
TABLE VI11 
Plane S t r a i n  F rac tu re  Toughness Values of 
(Notched Bend Specimens) 
112 inch  5A1-2.5Sn ELI Titanium Alloy P l a t e  
Temperature P a Compliance Bue ckne r ' s 
(OF) 0 l i n  .I Equation Equation 
Longi tudina l  - LS 
80 735 0.1003 3 7 , loo* 
830 0.1045 42,300* 
845 0.0992 41,600* 
-110 8 75 0.1017 45 , 200* 
900 0.1032 45 , 700* 
-3 20 1190 0.0983 59,100 67,000 
1230 0.0986 60 , 300 69,800 
10 70 0.0987 50,600 60,800 
-423 9 12 0.0980 44 , 900 5 1,400 
1055 0.0988 52,600 59,600 
965 0.0980 47 , 700 54 , 400 
Longi tudina l  - LD 
80 920 0.1021 47,900* 
880 0.1067 47,300* 
8 90 0 A107 46 , 900* 
- 110 9 20 0.1099 48 , 300* 
90 5 0.1074 46 , 800* 
980 0.1076 50,800* 
-3 20 9 10 0.1090 48,500 55 , 200 
980 0.1067 50 , 300 58,000 
9 10 0 A129 47,500 55,000 
-423 8 90 0.1092 47 , 900 53,600 
9 70 0.0980 47,300 54,600 
780 0.1088 41,000 47 , 200 
*Lower bound va lues .  
Breaking 
Load 
0 
1140 
1185 
1210 
1285 
13 10 
1190 
1230 
1150 
912 
1055 
9 65 
1110 
1125 
1105 
1290 
1205 
1230 
1265 
10 10 
10 25 
9 70 
9 70 
780 
Code: P - Load a t  "pop-in." 
a - Crack length .  
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TABLE VI11 (Cont'd) 
Testing 
Temperature 
(OF) 
80 
-110 
-320 
-423 
80 
- 110 
-320 
-423 
P 
0 
780 
83 5 
840 
8 75 
850 
880 
8 60 
790 
750 
8 60 
9 24 
945 
8 65 
8 65 
8 10 
885 
885 
950 
950 
9 95 
930 
10 10 
1115 
985 
*Lower bound values. 
K~~ ( p s i  6.) Breaking 
Bueckner's Load a Compliance 
l i n , )  Equation 
Transverse - TS 
0.1054 40 ,OOO* 
0.1085 46 , 20W 
0.1153 45 , 20W 
0.1266 51,300* 
0.1024 43 , 700* 
0.1061 43 , loo* 
0.1131 46,400 
0.1054 40 200 
0.1312 54,800 
0.0997 43 , 100 
0.1054 46 , 800 
0.1012 54 , 700 
Transverse - TD 
0.1078 44 , loo* 
0.1115 45,600* 
0.1058 41 , 700* 
1 7  cnn+ 0.1120 * I  )uVv'- 
0 . 1121 50,600* 
0.1046 48 y400* 
0.1033 52 , 600 
0.1068 51,500 
0,1076 48 , 200 
0.1110 53 , 100 
0.1025 56 , 200 
0.1090 52,000 
Equation 
52,800 
46,400 
51,500 
48 , 800 
C I .  "0" 
54 , 200 
_)L+,u v 
55 , 200 
58,400 
54 , 200 
60,000 
63,600 
53 , 200 
0 
1185 
1195 
1230 
1160 
1380 
13 90 
8 90 
9 75 
750 
885 
960 
945 
1140 
1025 
1170 
1110 
1080 
1280 
975 
13 20 
1100 
10 10 
1185 
955 
. 
Code: P - Load a t  "pop-in." 
a - Crack length. 
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The de termina t ion  of the  plane s t r a i n  f r a c t u r e  toughness a t  
room temperature ,  while no t  e s s e n t i a l  i n  the  development of design c r i -  
t e r i a ,  i s  important  i n  developing the genera l  t rend  of material behavior  
wi th  temperature.  
notched specimens machined from 1/4 inch  t h i c k  p l a t e  were s u f f i c i e n t l y  
encouraging t o  warrant  t r y i n g  a l a r g e r  specimen. 
notched specimens (Figure 22) were machined from the  1 / 2  i nch  t h i c k  
p l a t e  i n  both the  long i tud ina l  and t r ansve r se  d i r e c t i o n s .  These s p e c i -  
mens were f a t i g u e  cracked,  instrumented wi th  s t r a i n  gages t o  d e t e c t  the  
pop-in,  and broken a t  room temperature.  
Table IX. 
The r e s u l t s  obtained us ing  the  small s ingle-edge 
Larger  s ingle-edge 
The da ta  a r e  summarized i n  
7 
1 
c 
W 
w/2 
8 -  THICKNESS 
4 <  W / B < 8  
Figure  22. Large Single-edge Notched Specimen 
TABLE IX 
Single  -edge Notched F rac tu re  Toughness Values f o r  
1 / 2  Inch 5A1-2.5Sn ELI Titanium P l a t e  a t  Room Temperature 
Crack Depth M a x i m u m  Load KIc 
Direct ion  (in.)  ( l b )  ( p s i  J Z . 1  
Longitudinal  0.568 
0.508 
37,500 
4 1  , 900 
Transverse 0.526 41,000 
0.520 40,750 
131,800 
127,000 
130,000 
127,000 
These da t a  show t h a t  room temperature  K I ~  va lues  of approxi-  
mately 130,000 p s i  fi. ( p l o t t e d  i n  F igure  20) are q u i t e  reasonable .  
This  f igu re  shows t h a t  t h e  K I ~  va lues  are a f u n c t i o n  of the t e s t i n g  
temperature.  Such behavior  would be a n t i c i p a t e d ,  s i n c e  a n  inve r se  
f i r s t  order  dependency of K I ~  and y i e l d  s t r e n g t h  exis ts .  It w i l l  also 
be observed t h a t  the K I ~  f o r  t h e  TD series (specimen t r a n s v e r s e  t o  
r o l l i n g  d i rec t ion . ,  wi th  c rack  propagat ing  i n t o  t h e  th i ckness  d i r e c t i o n  
of the p l a t e )  and TS (specimen t r a n s v e r s e  t o  r o l l i n g  d i r e c t i o n  and 
crack propagation p a r a l l e l  t o  r o l l i n g  plane) appear  t o  remain cons t an t  
as the  t e s t i n g  temperature i s  reduced t o  -423" F. T e s t s  f o r  t he  LS 
and LD specimens show a decrease i n  plane s t ra in  f r a c t u r e  toughness 
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as the  t e s t i n g  temperature is reduced t o  -423" F. This  behavior  may be 
r e l a t e d  t o  p r e f e r r e d  o r i e n t a t i o n  and t o  the  change i n  the  mechanism of 
p l a s t i c  deformation a t  l i q u i d  hydrogen temperatures .  
B A S I C  DESLGK DATA - TEXTURE HARDENING 
The t e x t u r e s  of r o l l e d  shee t s  of hexagonal c lose  packed (HCP) ma- 
ter ia ls  cause h igh  y i e l d  s t r eng ths  under b i a x i a l  t ens ion ,  thus  making 
some of these  materials e s p e c i a l l y  s u i t a b l e  f o r  pressure  v e s s e l s  e Un- 
d e r  combined s t r e s s  loading ,  a n i s o t r o p i c  continuum theory of y i e l d i n g  
and p l a s t i c  flow p r e d i c t  s t r i k i n g  dev ia t ions  from the  vonMises c r i t e r i o n ,  
I n  p a r t i c u l a r ,  t he  r e s i s t a n c e  of a shee t  t o  th inning  under s t r e s s e s  i n  
i t s  plane has much inf luence  on the form of the two-dimensional y i e l d  
locus ,  as d iscussed  by Hosfcrd and Backofen.16 
One simple measure of the th inning  r e s i s t a n c e  of shee t  metal is 
the  r a t i o ,  R ,  of the  width s t r a i n  t o  th ickness  s t r a i n  found i n  the  ten-  
s i o n  t e s t  on a s t r i p .  I n  an i s o t r o p i c  material ,  the  width and t h i c k -  
ness  s t r a i n s  a r e  equa i ,  so "K = 1. A p a r t i c u l a r l y  s t r a igh t f e rward  ex- 
ample i s  a balanced b i a x i a l  t ens ion  i n  the  plane of a shee t .  Such a 
3LLLC.U U J  - - - - & - -  - _ __ ,'- _ _  n y 1 4 - 1 ~ n t  t n  a u n i a x i a l  through-thickness  compression 
p lus  a h y d r o s t a t i c  t ens ion ,  Therefore ,  y i e l d i n g  under t h e  Daianceo 
t e n s i o n  can occur only when t h e  t e n s i l e  stresses reach a va lue  equa l  t o  
the  compressive y i e l d  s t r e n g t h  i n  t h e  through-thickness  d i r e c t i o n .  
I n  an i s o t r o v i c  m a t e r i a l ,  the t e n s i l e  and compressive y i e l d  s t r e n g t h s  
are i d e n t i c a l ,  s o  t h a t  y i e l d i n g  under the  balanced t e n s i o n  begins  when 
the u11icxfaI. y k l d  s t r e n - t h  0---  is reached. For a n i s o t r o p i c  materials, how- 
e v e r  t h e  u n h x i a l  t e n s i l e  and through-thickness  compressive s t r e n g t h  
may d i f f e r  c rnsfderably .  I n  (0001) t ex tu red  s h e e t s  of HCP metals, f o r  
examples the  lack of s l i p  systems s u i t a b l y  o r i en ted  t o  a l low th inn ing  
may be r e spcns ib l e  f o r  h igh  compressive y i e l d  s t r e n g t h s  i n  the  through- 
th i ckness  d i r e c t i o n  and a combined s t rengthening  t h a t  may be i d e n t i f i e d  
as " tex ture  hardening o'l 
Approach 
A s  discussed  i n  the  preceding s e c t i o n ,  measurement of the  R value 
of t h e  mzterial  i s  a good ind ica t ion  of t h e  degree of t e x t u r e  hardening. 
S ince  R i s  def ined  as the  r a t i o  of the  width- to- thickness  s t r a i n s ,  then  
a s t r i p  type t e n s i l e  specimen provides a s i m p l e  and convenient method 
of  determining R. I n  t h e  example of t h i n  s h e e t s ,  i t  i s  poss ib l e  t o  
measure the  s t r a i n s  i n  the  x and y d i r e c t i o n s  and compute the  z s t r a i n  
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us ing  the  constancy of volume r e l a t i o n s h i p .  
s t r a i n s  i n  the  x ,  y ,  and z d i r e c t i o n s ,  u s ing  p l a t e  specimens, w i l l  p e r -  
m i t  a d i r e c t  determinat ion of the  R va lue .  The l a t t e r  method w a s  used 
he re .  
However, measurement of the 
Specimen Se lec t ion  
Since i t  i s  des i red  t o  measure an average value of R f o r  the  5A1- 
2.5Sn ELI t i t an ium a l l o y ,  f u l l  th ickness  s t r i p  type t e n s i l e  specimens, 
as shown i n  Figure 23 ,  were machined from both  the  1/4 and the  1 / 2  inch  
t h i c k  p l a t e s .  The four  inch  wide ends were used t o  g r i p  the  specimens 
i n  t h e  t e s t i n g  machine during t e s t i n g .  
X 
Figure 23. S t r i p  type Tens i l e  Specimen 
Used t o  Measure t h e  R Value 
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Experimental Technique 
High e longa t ion  metaf i lm s t r a i n  gages were app l i ed  t o  the  specimen 
as shown i n  F igure  23. The specimens were t e s t e d  i n  a 300,000-lb t e n s i l e  
mzichine. S t r a i n  gage readings were taken  a t  r e g u l a r  load increments,  
u s ing  a digi ta .1  read-cut  s t r a i n  ind ica to r .  Readings were taken up t o  a t  
least  t e n  percent  s t r a i n  i n  the  y d i r e c t i o n .  
The t e x t u r e  hardening e f f e c t  i s  developed only i n  the  p l a s t i c  range. 
In order  t o  conform t o  the  constancy of volume requirements f o r  p l a s t i c  
flow, i t  i s  gecessary  t o  convert  the engineer ing  s t r a i n s  t o  t r u e  s t r a i n s .  
The r e l a t i o n s h i p  used i s  
Q = &n (e + 1) (14) 
The R va lues  were determined d i r e c t l y  by d iv id ing  t h e  width s t r a i n  by 
the  th i ckness  s t r a i n  
Experimental R e s u l t s  and Discussion 
The R va lues  so  determined a re  p l o t t e d  as a func t ion  of t h e  t r u e  
..I------ - - - ? -  2 -  -__ +ha TI . l i rPc t ion  f o r  the 1/4 inch  t h i c k  5A1-2.5% ELI t i t a n i u m  
a l l o y  p l a t e  i n  Figure 24,  and f o r  the 112 i ncn  EnicK ~ L L G  LL T & z z  15.. 
It w i l l  be observed t h a t  t h e  R value i s  r e l a t i v e l y  low i n  the  e l a s t i c  
range. 
A t  t h e  y i e l d  po in t  of the  material, t he  R value i s  inde termina te .  
This  i s  presumably due t o  the  gradual  change i n  Po i s son ' s  r a t i o  from 
0.30 t o  2.50 f o r  p l a s t i c  deformation. However, once the  y i e l d  po in t  
has  been exceeded, t he  R value rises t o  a maximum value  and remains con= 
s t a n t  wi th  inc reas ing  s t r a i r . .  The 1/4 inch  t h i c k  p l a t e ,  which had the  
g r e a t e r  percentage of ho t  work, showed h ighe r  va lues  of R than  d id  the  
1/2 inch  t h i c k  p l a t e .  This  would be  a n t i c i p a t e d  s i n c e  the h ighe r  pe r -  
centage of fiat work would o f f e r  more oppor tuni ty  f o r  p r e f e r r e d  o r i e n t a -  
t i o n ,  It w i l l  a l s o  be noted t h a t  t he  spec iuen  taken  t r ansve r se  t o  the  
r o l l i n g  d i r e c t i o n  exh ib i t ed  R values which w e r e  h igher  than  those de- 
termined us ing  specimens machined p a r a l l e l  t o  t he  r o l l i n g  d i r e c t i o n .  
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EFFECT OF PREFERRED ORIENTATION ON 
THE PLASTIC FLOW AND FRACTURE OF TITANIUM 
Recent work by Hatch17 has shown t h a t  t he  5A1-2.5Sn t i t a n i u m  a l l o y  
develops a s k r o n g  (0001) lOiO] t e x t u r e .  
t e r i a l  having a low R va lue ,  the  pole  f i g u r e  may sh0w.a shee t  t e x t u r e  
wi th  the  b a s a l  pole  s p l i t  about t he  normal i n  t h e  t r ansve r se  d i r e c t i o n .  
hn idea l i zed  (0001) [lOiO] t e x t u r e  i s  shown i n  Figure 26. 
Pole  f i g u r e s  repor ted  by Hatch 
show t h a t  the (0001) PO f e is normal t o  the  p lane  of the shee t .  For ma- 
Figure 26. I d e a l i z e d  (0001) [lOiO] t e x t u r e  
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A l i t e r a t u r e  review of t h e  deformation modes i n  t i t an ium by Holden 
e t  e l l8  has shown t h a t  a t  l e a s t  th ree  s l i p  syztems a r e  ope ra t ive  at-room 
temperature These are  t h e  c01O)<i2TO>, fiOll)<i270>, - -  and {OOOQ <1210>. 
Ccttmnon t o  a l l  of t hese  a r e  the s l i p  d i r e c t i o n ,  <1210>, which l ies  i n  the 
(0001) plane.  It i s  c l e a r  t h a t  i f  (0001) i s  para l le l  t o  the  s h e e t  p lane ,  
defcrmation by s l i p  through the  th ickness  d i r e c t i o n  of t he  shee t  would 
no t  be poss ib l e  and a texture-hardened s h e e t  would r e s u l t .  However, 
t h r e e  twinning planes a t  room temperature have a l s o  been repor ted .  These 
a r e  the  ilOT23 ,D and {ll%]* The {lOi2) cannot con t r ibu te  t o  
th inn ing  f o r  a n  (0001) t ex tu re  s i n c e  the c / a  r a t i o  of t i t a n i u m  i s  
l e s s  than  6- 
:or twinning on [llTl?~ and [1172] w i l l  show t h a t  bo th  could c o n t r i b u t e  
t o  th inn ing  from t ens ion  i n  the  shee t  plane.  
On t h e  o the r  hand, an a n a l y s i s  of the  c r y s t a l  geometry 
Examination of t h e  condi t ions necessary  t o  form the  p l a s t i c  s t r a i n  
z m e  ahesd of t he  c rack  shows t h a t  t he  LD and TD series r e q u i r e  p l a s t i c  
f low i n  the  th i ckness  d i r e c t i o n  of t he  shee t .  I n  t h e  case of a h igh ly  
t ex tu red  m a t e r i a l ,  t h i s  i s  d i f f i c u l t .  
I n  the  f r a c t u r e  toughness s tud ie s  i t  w i l l  be r e c a l l e d  t h a t  t he  K I ~  
vz lues  f c r  t he  TD series t e s t e d  a t  -423" F were h ighe r  than  those f o r  
any o the r  s e t  of experiments.  Also, t h e s e  specimens were o r i en ted  i n  
the hLgh I: v a k e  d i r e r t i m  c?f the p l a t e .  Based on the  preceding d i s -  
cuss ion  and a n a l y s i s ,  the  p l a s t i c  flow would then  be i n i t i a t e d  by twin- 
nine. and the  KT,. va lue  should be h ighe r  s ince  the  twinning s t r e s s  i s  
usua l ly  h ighe r  than  the  shea r  s t r e s s .  
A meta l lographic  s tudy was made of t h e  pop-in a r e a  of bo th  the  LD 
and TD s e r i e s  cf specimens from the 1 / 2  inch  t h i c k  5A1-2,5Sn ELI ti- 
tanium p l a t e .  The r e s u l t s  of t h i s  examination are shown i n  F igures  27 
and 28. Study of t hese  f i g u r e s  shows a g r e a t e r  area and a h ighe r  den- 
s i t y  of twins i n  t h e  TI> specimen. 
Tire g r e a t e r  tendency tctward twinning i n  the  TD series should a l s o  
be apparent  by examination of the f r a c t u r e  su r face .  Frac tographic  
techniques  were used f o r  t h i s  phase of t h e  i n v e s t i g a t i o n .  Repl icas  
were prepared,  us ing  t h e  two-stage p l a s t i c  method. The f e a t u r e s  ob- 
served 3il t he  f r a c t u r e  su r face  of LD s e r i e s  of s p e c h e n s  a r e  shown i n  
F igures  29 and 30. Figure 29 shows the c h a r a c t e r i s t i c s  of t he  f r a c t u r e  
s u r f a c e  a s s o c i a t e d  with twinning, as ind ica t ed  by the  s t r a i g h t  l i n e  
marking. The s t r u c t u r e  shown i n  F igure  30 is  of the  d u c t i l e  rup tu re  
d h p l e  t y p e ,  i n d i c a t i n g  t h a t  s l i p ,  i n  a d d i t i o n  t o  twinning, i s  respon- 
s i b l e  f o r  p l a s t i c  deformation i n  t h i s  m a t e r i a l  a t  -423" F. 
The s t r u c t u r e s  observed f o r  t he  TD series of specimens are shown 
i n  F igures  3 1  and 32. Figure 31  shows the  twinning p a t t e r n ,  and 
Figure  32 i l l u s t r a t e s  d u c t i l e  rupture  dimples. It w i l l  be observed 
that  the  twLn l i n e s  are b e t t e r  developed i n  t h i s  s e r i e s  of specimens 
t h a n  i n  the  LD s e r i e s .  Although i t  cannot be shown he re ,  t h e  f r e -  
quency of twinning i n  the  TD series i s  g r e a t e r  than  i n  the LD s e r i e s .  
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F i g u r e  29. F rac tog raph  of  Specimen LD, showing Twin Formation 
Mag: 7200 X 
Figure 30. Fractograph of Specimen LD, showing 
Ductile Rupture Dimple Formation 
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F i g u r e  31. Frac tograph  of  Specimen TD, showing Twin Formation 
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Mag: 7200 X 
Figure 32. Fractograph of Specimen TD, showing 
Ductile Rupture Dimple Formation 
5 2  
DESIGN CONSIDERATIONS 
I 
. 
Of the  many cons ide ra t ions  t o  which the  des igner  must devote a t -  
t e n t i o n ,  those  discussed i n  t h i s  r epor t  are: (1) y i e l d  stress, (2)  plane 
s t r a i n  f r a c t u r e  toughness,  and (3) t e x t u r e  hardening. These t o p i c s  w i l l  
be reviewed i n  t h a t  order .  
(1) The d a t a  f o r  the  y i e l d  stress a t  the  va r ious  t e s t  temperatures  
have been t abu la t ed  and are s e l f  -explanatory.  
(2) The plane s t r a i n  f r a c t u r e  toughness may be used t o  c a l c u l a t e  
t he  s i z e  and geometr of d e f e c t s  which w i l l  become uns tab le  under a 
given stress. I rwin  3 has def ined a parameter ,  8, as 
and has s t a t e d  t h a t  i f  Bc = 27,  a through-the- thickness  c rack  of l eng th  
equa l  t o  twice t h e  p l a t e  thickness  w i l l  be s t a b l e  a t  the  y i e l d  stress. 
The genera l  appearance of t h e  broken s ingle-edge notched specimens from 
t h e  1/2 inch  p la te  ind ica t ed  t h a t ,  f o r  a f i r s t  approximation, Kc and K I ~  
may be taken  as equal .  Calcu la t ion  of BC under these  condi t ions  gave a 
va lue  of 2.88,  i n d i c a t i n g  t h a t  a two-plate th ickness  crack would be un- 
s t a b l e .  
Ca lcu la t ions  of the crack depth f o r  plane s t r a i n  i n s t a b i l i t y  
were made us ing  Equation 7 .  Assuming a semic i r cu la r  c rack  geometry and 
y i e l d  stress f a i l u r e ,  t h e  crack depth was found t o  be 0.86 inch. This  
is g r e a t e r  t han  the  p l a t e  th ickness .  S imi l a r  c a l c u l a t i o n s ,  assuming an 
i n f i n i t e l y  long crack ,  gave a crack depth of 0.38 inch. Ca lcu la t ion  of 
t h e  r ad ius  of the p l a s t i c  zone a t  the crack t i p  gavz 2 val l~e  nf 0.226.  
It is ev iden t  t h a t  the crack and t h e  zone of p l a s t i c i t y  extend through 
t h e  e n t i r e  p l a t e  t h i ckness  and, t h u s ,  f a i l u r e  w i l l  occur a t  a lower 
stress than  ca l cu la t ed .  
Under these  condi t ions ,  another  a n a l y s i s  may be used t o  c a l -  
c u l a t e  t he  c r i t i c a l  s i z e  of a through crack  us ing  the  fol lowing equat ion ,  
S o l u t i o n  of t h i s  equat ion  f o r  one-half  c rack  length  (a) ,  as- 
suming b u r s t  stress equal  t o  the y i e l d  stress, gave a value of 0.23 
i nch ,  o r  a t o t a l  crack length  of 0.46 inch.  
I n  F igure  33,  the  crack depth f o r  i n s t a b i l i t y  i s  p l o t r e d  as a 
f u n c t i o n  of gross  s e c t i o n  s t r e s s  f o r  a c rack  which has a su r face  l eng th  
f o u r  t i m e s  i t s  depth,  using Equation 7. The range of K l c  va lues  shown 
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Figure 33.  Var ia t ion  of C r i t i c a l  Crack Depth f o r  I n s t a b i l i t y  as a 
Funct ion of Applied S t r e s s  f o r  Seve ra l  K I c  Values 
he re  was obtained from t h i s  work. This  type o f ' p l o t  may be used t o  es- 
t a b l i s h  inspec t ion  s tandards  o r  l i m i t  t he  des ign  stress t o  account f o r  the  
minimum s i z e  of defec t  which can be found by nondes t ruc t ive  t e s t i n g .  
example of the use of Figure 33 as an engineer ing  des ign  t o o l  fo l lows .  
An 
If a s t r u c t u r e  were t o  be f a b r i c a t e d  from t h e  1 / 2  inch  t h i c k  
5A1-2.5Sn ELI t i t an ium a l l o y  used i n  t h i s  i n v e s t i g a t i o n  f o r  s e r v i c e  a t  
-320" F,  the Kic i n  t h e  d i r e c t i o n  of i n t e r e s t  would be determined from 
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Table VI I . ( e ,g . ,  LS K I ~  = 67,000 ps i  &.). I f  the  se rv i ce  s t r e s s  f o r  
t h i s  s t r u c t u r e  were approximately 175 k p s i ,  then  the  maximum al lowable 
de fec t  depth which could be t o l e r a t e d  (as  seen from Figure 33) would be 
0.050 inch. I f  t he  s t r u c t u r e  were f a b r i c a t e d  from the  114 inch m a t e r i a l  
t o  be used a t  -423" F and t h e  d i r e c t i o n  of i n t e r e s t  were t ransverse  t o  
the o r i g i n a l  d i r e c t i o n  of r o l l i n g ,  t he  K I ~  may be determined a s  48,800 
p s i  &. (from Table IV) 
de tec ted  by nondes t ruc t ive  means were 0.030 inch ,  t he  "arr i n  Figure 33 
would be 0.030 inch and the  maximum al lowable s t r e s s  a t  which t h i s  
s t r u c t u r e  could be operated would be approximately 167 K p s i ,  These 
va lues ,  however, do not  include any allowance f o r  a s a f e t y  f a c t o r .  
I f  t he  minimum crack  depth which could be 
c 
(3) Texture hardening may be used t o  ob ta in  high b u r s t  s t r e s s e s  
i n  many pressure  v e s s e l  app l i ca t ions .  The va lues  of R f o r  the 114 and 
1 / 2  inch t h i c k  5A1-2.5Sn ELI t i t an ium a l l o y  p l a t e s  and the  apprcximate 
e l e v a t i o n  of the  b u r s t  s t r e n g t h  are summarized i n  Table X. Re la t ive ly  
l a rge  inc reases  i n  the  y i e l d  s t r e s s  may be p red ic t ed  a s  a consequence 
of t ex tu re  hardening. However, care must be taken t o  avoid b r i t t l e  
f r a c t u r e  
TABLE X 
f o r  5A1-2.5Sn EX1 Titanium P l a t e  
Rat io  of Width S t r a i n  t o  Thickness S t r a i n  (R) 
uire c L LVU v i  
y S t r a i n  with Rat io  of 
Thickness Specimen Rol l ing  Direc t ion  Ra t io  of S t r a i n  Uniaxia l  
P l a t e  Respect t o  S t r a i n  Avg Value B i a x i a l  t o  
( in . )  Nom of P l a t e  (R) Ra t io  Yie Id* 
114 4 Longi tudina 1 2.08 
6 2.04 2.14 - -  13
1 2.30 
114 5 Transverse 3.70 
3 3.42 3.40 45 
2 3.08 
112 3 Longi tudina 1 1.58 
4 1.61 1.60 25 
6 1.61 
112 5 Transverse 2.54 
2 2.50 2 -50 37 
1 2 -44 
*Using 0 = and (0 - oys) 100 = percent  i nc rease ;  
where: 0 = b u r s t  s t r e n g t h ,  oys= y i e l d  s t r e n g t h ,  and R = s t r a i n  r a t i o .  
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CONCLUSIONS 
It may be concluded t h a t  
1. The t e n s i l e  p r o p e r t i e s  of 5A1-2.5Sn ELI t i t a n i u m  a l l o y  a r e  
s e n s i t i v e  t o  t e s t i n g  temperature .  The t e n s i l e  y i e l d  s t r e n g t h  v a r i e s  
from 100,000 p s i  a t  room temperature t o  approximately 200,000 p s i  a t  
-423" F. 
2. The plane s t r a i n  f r a c t u r e  toughness of t h i s  m a t e r i a l  e x h i b i t s  
The K I ~  V a l -  an  inverse f i r s t  o rder  dependency on t h e  y i e l d  s t r e n g t h .  
ues vary  from 130,000 p s i  6 a t  a y i e l d  s t r e n g t h  of 100,000 p s i  (room 
temperature) t o  approximately 55,000 p s i  a t  a y i e l d  s t r e n g t h  of 
200,000 p s i  (-423" F) .  
3.  The 5A1-2.5Sn ELI t i t an ium a l l o y  e x h i b i t s  e s s e n t i a l l y  an 
i s o t r o p i c  behavior  i n  regard t o  plane s t r a i n  f r a c t u r e  toughness. 
4. The plane s t r a i n  f r a c t u r e  toughness of t h i s  m a t e r i a l  does not  
appear t o  be a f f e c t e d  by the amount of r educ t ion  i n  the  p l a t e .  
K I ~  values  f o r  bo th  the  1 / 2  i nch  and 1 / 4  inch  t h i c k  p la te  a r e  egsen- 
t i a l l y  the same a t  the cryogenic temperatures  when r e l i a b l e  da t a  could 
be obtained. 
The 
5.  The 1/4 inch  t h i c k  p l a t e  e x h i b i t s  h igher  R va lues  than t h e  
1 / 2  inch  th i ck  p l a t e  and, consequent ly ,  a g r e a t e r  p o t e n t i a l  f o r  e l e -  
va t ion  of t h e  b i a x i a l  y i e l d  s t r e n g t h .  
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13  ABSTRACT 
The s u i t a b i l i t y  of 5A1-2.5 Sn ELI  t i t an ium a l l o y  f o r  cryogeiiic tachgo,  app l i ca -  
t i o n s  has been s tud ied  by determining the mechanical and f r a c t u r e  p r o p e r t i e s  of t he  
material a t  t e s t i n g  temperatures  ranging from room temperature t o  -423" F. Small 
round t e n s i l e  specimens were developed t o  measure the  t e n s i l e  p r o p e r t i e s  over  t he  
range of t e s t i n g  temperatures .  Plane s t r a i n  f r a c t u r e  toughness measurements were 
a l s o  made a t  these  temperatures using the  "pop-in" technique wi th  a small notched 
bend specimen. 
S p e c i a l  l abo ra to ry  techniques were developed t o  tes t  the  specimens a t  -423" F ,  
u t i l i z i n g  the  s p e c i f i c  hea t  of vapor iza t ion  of l i q u i d  helium. 
The degree of p r e f e r r e d  o r i e n t a t i o n  i n  t h i s  a l l o y  was q u a l i t a t i v e l y  s tud ied  by 
determining the  r a t i o  of t he  width s t r a i n  t o  the th ickness  s t r a i n .  The f r a c t u r e  
toughness va lues  were i n t e r p r e t e d  i n  terms of t he  c rys ta l lography and mechanism of 
de format ion  of t i t an ium.  
a t  v a r i o u s  ope ra t ing  temperatures and s t r e s s  l e v e l s .  
t u r e  hardening may be used to ob ta in  h igh  b u r s t  s t r e s s e s  under b i a x i a l  s t r e s s  con- 
d i t i o n s .  
The d a t a  a r e  summarized i n  terms of a par t - through de fec t  which w i l l  be s t a b l e  
It has been shown t h a t  tex-  
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